ABSTRACT: Wetlands are continental depositional environments and ecosystems that range between ephemerally wet to fully aquatic habitats, and, thus, the character of a wetland soil is directly related to the position of the water table over seasonal and longer timescales. The sediment and paleosol records of wetlands are products of a unique setting that can be both exposed to the atmosphere and water-saturated at the same time. Wetlands tend to occupy low-gradient portions of the landscape in places where the phreatic zone is at least ephemerally exposed at the surface, and hydrophytic vegetation has an opportunity to colonize. Groundwater-fed wetlands are an end member of a continuum of waterlogged environments and are associated with localized groundwater discharge (GWD); e.g., springs and seeps that can sustain permanent saturation. Research has tended to follow one of two parallel tracks: sedimentology or pedology. An objective of this paper is to bring these two separate lines of inquiry closer together. The signature of wetland pedogenesis includes redoximorphic features, enhanced hydrolytic alteration or dissolution of soluble phases, and preservation of biotic indicators of wetland habitats. Histosols (peats) and other hydric soils (indicated by gley color and reduced minerals like pyrite and siderite) are common in sites with a permanently high water table and anaerobic conditions. Illuvial clays, in contrast, record episodes in which wetlands dry out and drainage improves sufficiently for these features to form. A case study from Holocene-age Loboi Swamp, Kenya, illustrates the importance of integrating field observations and laboratory analyses. Wetland conditions were observed through thin section micromorphology, mineralogy, bulk geochemistry, and macro-and microfossils. The record of Loboi Swamp is characterized by the juxtaposition of features indicating episodes of soil saturation alternating with those indicating desiccation. In order to extract the most information recorded in groundwater-fed wetlands, soils and sediments should be studied as part of the larger spatial and climatic frameworks in which they occur.
INTRODUCTION
Wetlands are depositional environments and ecosystems that range between ephemerally wet to fully aquatic continental habitats. There are numerous landscape contexts in which inland (nontidal) ephemeral wetlands develop in response to seasonal changes in water budget. However, perennial wetlands require a sustained water source (e.g., groundwater discharge locations determined by topography or geology) coupled with an impermeable or poorly drained substrate. The sediment and paleosol records of groundwater-fed wetlands are products of a unique setting that can be both subaerial (exposed to the atmosphere) and water-saturated at the same time and because of this dichotomy are often misinterpreted or not recognized for what they are. In wetlands, surficial sediment may be exposed to the atmosphere while the water table is at the surface or mere millimeters below. This may produce contradictory indicators in associated sediments and paleosols, potentially leading to misinterpretation.
Wetlands tend to occupy depressions and low-gradient portions of the landscape in places where the phreatic zone is at least ephemerally exposed at the surface, and hydrophytic vegetation, such as sedges (e.g., Carex, Cyperus), cattails (Typha), mosses (Sphagnum), and others, has an opportunity to colonize (Fig. 1 ). Such conditions have been documented on hillslopes, fluvial floodplains, and exposed lake flats following lacustrine regression. They have traditionally been studied in isolation rather than as just one component of a larger landscape. Wetlands are an important component of the critical zone, ''the heterogeneous, near surface environment in which complex interactions involving rock, soil, water, air and living organisms regulate the natural habitat and determine availability of life sustaining resources'' (NRC 2001, p. 2) . Pedology and paleopedology are now moving into research areas that view soils as part of the critical zone, including the larger spatial and temporal contexts of hydrologic and geochemical cycles (Wilding and Lin 2003 , Lin et al. 2006 , Sheldon and Tabor 2009 , Brantley et al. 2011 ) and paleoclimatic records (Sheldon and Tabor 2009) . Interpretation of wetlands in the geologic record requires a broad spatial perspective based on sedimentary facies associations (Deocampo 2002a) . Paleosols from wetland settings may retain paleoclimatic and paleoenvironmental records controlled by depositional setting and hydrogeologic context. tation requires a broad temporal perspective, recognizing dynamic atmospheric, hydrospheric, and biospheric changes through time.
Because they tend to occupy low-gradient portions of the landscape, wetlands are sites of sediment accumulation and the gradual buildup of an organic-rich record. However, because sedimentation rates in wetlands tend to be low, the sediments are typically subjected to extensive bioturbation by those very infauna and flora that generate the autochthonous sediment (Hasiotis 2000 , Hasiotis et al. 2007 . Wetland research using a sedimentological approach includes grain size, magnetic susceptibility, clay mineralogy, ichnology, stable isotopes of both carbonate and organic matter, records of sulfur, nitrogen, phosphorous, etc., and biological remains (diatoms, pollen, plant material) (Quade et al. 1995 , Rucina et al. 2010 . In waterlogged environments, geomicrobiological processes (e.g., microbial respiration) strongly control geochemical parameters such as redox status, pH, and aqueous CO 2 levels. These impact the thermodynamic stabilities of carbonate, silicate, and sulfide mineral systems (BaasBecking et al. 1960, Deocampo and Ashley 1999) .
Wetland sediments, and ultimately the soil and paleosol records of them, are the end products of the influences of climate, local geology (tectonics, source lithology, and topography), hydrology, and wetland biota (Fig. 2) . The character of a wetland soil, specifically groundwater-fed wetlands, is directly related to the position of the water table over seasonal and longer timescales; the many factors controlling sedimentation create challenges in deciphering the records. Research on wetlands has tended to follow one of two parallel tracks: sedimentology or pedology. This paper attempts to bring these two separate lines of inquiry closer together. The goals are to (1) examine the environmental and hydrological contexts of groundwater-fed wetland sediments and associated pedogenesis, (2) summarize the processes and resulting records, and (3) present a descriptive facies model for recognizing groundwater-fed wetland paleosols in the rock record.
ENVIRONMENTAL CONTEXT

Geomorphology
Wetlands that are likely to leave a permanent paleosol record are situated in areas where the substrate is at least periodically saturated with water. These are found at the base of hillslopes, in central portions of basins (Weissmann et al., this volume) , and in locations where impervious beds intersect the surface creating a perched water table, or along fault traces (Armenteros et al. 1995 , Quade et al. 1995 ). This environment is referred to as palustrine and includes a range of semipermanently to permanently inundated nontidal environments ( Fig. 1) (Mitsch and Gosselink 2000) . Wetlands may be maintained by river inflows (Tooth and McCarthy 2007) , but surface runoff can be variable and insufficient to maintain a wetland. In contrast, groundwater flow (which is protected from evaporation) is more likely to provide a sustainable water supply during short-and long-term climate fluctuations . Sites that are wet enough to support hydrophytes and produce hydric soils are usually fed by groundwater (Renaut 1993; Deocampo 2002a; Melchor et al. 2002; Liutkus and Ashley 2003; Ashley et al. 2010a Ashley et al. , 2010b .
Hydrology
At local scales, climate (i.e., absolute precipitation and temperature) is less important than hydrogeologic context and presence of aquifers in the area. Rainfall that is not evaporated, intercepted, or transpired by plants infiltrates into groundwater in recharge zones. It moves downslope under the influence of gravity or hydraulic head (Fig. 3) . Evapotranspiration of groundwater is typically negligible, and is thus buffered against short-term changes in water budget. The water moves slowly (m/yr) through bedrock, and the local geology (structure and lithology) determines the path and the locations where flow discharges onto surface (Fig. 3) . Accumulation of sediments is greatest in topographic lows and the most likely location for soils to form and be preserved. Rivers and lake margins are typically the lowest areas on the landscape, and, as in palustrine settings, the ''flood state'' is dictated by the height of the water table ( Fig. 1) (Cowardin et al. 1979, Mitsch and Gosselink 2000) . Thus, water levels may be (1) temporary, (2) seasonal, (3) semipermanent, (4) intermittent, or (5) permanent in riverine and lacustrine environments. However, the flood state of saturated (6) is much less common in rivers because of fluctuating water supply and the vagaries of surface runoff. Thus, the hydrologic conditions of groundwater-fed wetlands in palustrine settings are likely to be the most consistent, creating a permanently saturated or flooded environment (van der Kamp and Hayashi 2009). Groundwater-fed wetlands, the focus of this paper, therefore represent an end member of a continuum of wetland types in nature.
PROCESSES OF FORMATION
Sediments
Groundwater-fed wetlands accumulate both allochthonous and autochthonous sediment (Fig. 2) . The allochthonous sediment can come from colluvium washed in from higher ground, detritus blown in from exposed sand or mud flats (Fig. 4A) , and pyroclastic air fall in volcanically active areas. Autochthonous sediment varies with the types of plants and animals present; the biogeochemical environment of sediment and water determines the composition of the authigenic minerals that form in situ. This environment, in turn, is determined by the position of the water table and the local water budget (particularly evapotranspiration, which can increase solute concentrations). Studies of modern and Holocene wetland deposits indicate that they produce generally hydric paleosols composed of peat, localized tufas, and organic-rich clay deposits that contain eolian-transported mineral matter, macrophyte plant remains (e.g., roots, stems), pollen, phytoliths, diatoms, charcoal, carbonate (calcite and siderite), and manganese-rich nodules (Marchant and Taylor 1998 , Deocampo 2002a , Wüst and Bustin 2004 , Rucina et al. 2010 . Older deposits retain little original organic matter, and the plant remains are often silicified, but otherwise the record is similar Ashley 2003, Norström et al. 2009 ). Systematic analyses of biological records (diatoms, ostracodes, pollen, and testate amoeba) document climate change, as well as the quality of the water (total dissolved solids, alkalinity, and oxygen levels) over time (Charman 2001 , Grosjean 2001 , Johnson et al. 2009 ).
Biota
The groundwater environment is biotically distinct from the surface environment, and so the groundwater-fed wetlands lie at an ecotone between surface and subterranean ecosystems; this is reflected by biotic records (Quade et al. 1995 , Reeves et al. 2007 ). The critical zone sediment is home to a range of microbes including fungi, fauna (protozoa to mammals), and flora (algae to trees). Although there is life below the water table, it is less abundant than in the vadose zone (Hasiotis 2000 , Retallack 2001 , Hasiotis et al. 2007 ).
The records left by biota are biogeochemical (organic compounds and isotope signatures) or physical; i.e., body fossils and ichnofossils (traces of animal behavior), as well as root traces. However, because most roots facilitate aerobic respiration, they usually do not penetrate into the phreatric zone. In the waterlogged environment of wetlands, the roots tend to spread out laterally in order to ''breathe'' (Fig. 4B) , but, if the water table fluctuates seasonally, vertical root traces can also be created during times of low water table. The resulting matrix of vertical and horizontal root traces complicates the interpretation of the long-term record (Coleman 1988 , Retallack 2001 .
The proportion of time that the wetland is completely submerged vs. time the water table fluctuates affects all pedogenic processes (physical, chemical, and biological) . The water table is that level below which the ground is saturated (phreatic zone). The redox state of the phreatic zone close to point sources of discharge is controlled by the redox state of groundwater in the discharging aquifer; hence, they may be reducing or oxidizing depending on the hydrogeologic context. Phreatic waters farther from discharge points are more likely to be reducing due to organic matter accumulation. The vadose zone is more uniformly oxidizing and is churned continuously by organisms. This bioturbation enhances exchange of gases from the atmosphere, but the exchange decreases downward (Fig. 5) . Oxygen decreases and P CO2 increases (a by-product of microbial breakdown of organic matter) with depth. There is also an increase in relative humidity and soil moisture and a concurrent decrease in biodiversity and biotic exchange, so there is a gradual decrease in organic matter content and intensity of bioturbation with depth.
Hasiotis developed a tiered classification of ichnofossils based on moisture requirements and tolerances (Fig. 5 ) directly tied to the position of the water table (Wallwork 1970 , Hasiotis 1997 , Hasiotis 2000 . The top tier consists of terraphilic (e.g., beetles, ants, termites, nematodes, etc.) traces constructed by upper-vadose-zone organisms with a low tolerance for water that thrive best in a well-drained environment. The next tier down is hygrophilic traces created by bees, wasps, and some mollusks, etc., that occupy the lower part of the vadose zone and must have some water (particularly in the form of soil moisture). The lowest tier consists of hydrophilic traces that are constructed by organisms that are aquatic and live at or below the water table, such as subterranean ostracodes, and some types of mollusks, crabs, and crayfish (Thorp 1949) . When the water table rises to the surface during seasonal or long-term positive changes in hydrologic budget, then the tiers compress or disappear and hydrophilic traces are found at the surface (Fig. 5 ).
Geochemical Environment
A wide variety of biogeochemical reactions can occur in wetlands, including both acid-base and oxidation-reduction reactions. Acidbase reactions in wetlands depend primarily on major solute compositions of inflow waters. Major solute compositions in wetlands are controlled principally by the geochemistry of local groundwater, which is in turn controlled by weathering reactions in the watershed. In hydrologically closed wetland systems, where evapotranspiration is the only route for water to exit the wetland, evaporative concentration can quickly supersaturate waters with respect to carbonates, resulting in calcite precipitation (Garrels and Mackenzie 1967 , Jones and Deocampo 2003 , Deocampo 2010 . However, in settings where soilrespired CO 2 is not efficiently degassed, CO 2 can build up. This suppresses pH, prevents carbonate precipitation, and enhances preservation of biogenic amorphous silica (Deocampo and Ashley 1999) . In settings where eolian input adds soluble material (e.g., sodium carbonate) to wetlands, the resulting solutes can also strongly affect the geochemistry of the waters (Deocampo 2004) .
FIG. 4.-A) Photo of windblown dust in transport toward a
groundwater-fed wetland, Gorigor Swamp, Ngorongoro Crater, Tanzania. Eolian detritus and pyroclastic material are the dominant detrital source lithologies to groundwater-fed wetlands. B) A lowered water table exposes the root system of two fever trees (Acacia xanthophloea) in a groundwater-fed wetland. Note the tree roots spread laterally above the former high water table during growth.
Oxidation-reduction reactions are also complex in wetland systems. The water table separates the oxygen-rich, relatively dynamic vadose zone, where mineral weathering and leaching take place, from the stagnant, anaerobic chemically reducing environment of the phreatic zone (Fig. 5) . The geochemical conditions possible on Earth are plotted on a graph of Eh (in millivolts) vs. pH scale that expresses a range of acidic to alkaline conditions ( Fig. 6A ) Christ 1965, Faure 1991) . However, the range of conditions in the natural environment is much more limited and clustered around conditions of neutral pH and 0 Eh (Baas-Becking et al. 1960) (Fig 6A) . Earlier sedimentologists had applied this geochemical framework to explain stable mineral associations that formed under different conditions of aeration (Eh) and acidity (pH) in sediments and soils (Krumbein and Garrels 1952, Blatt et al. 1960) . A version of this mineral plot is now used by both paleopedologists and sedimentologists to interpret paleoenvironmental conditions (Retallack 2001, Prothero and Schwab 2004) (Fig 6B) .
Several geochemical fences (e.g., limestone fence and sulfatesulfide fence) segment Eh-pH space into component stability fields. Thus, the paleo-Eh and paleo-pH of a paleosol can be approximated from mineral assemblages, assuming no significant postdepositional alteration. Extent of diagenesis can be assessed with thin sections of soil micromorphology. One of the dominant pedogenic processes in waterlogged soils is gleying, the reduction of iron (to Fe 2þ ) and Mn (to manganese Mn 2þ or Mn þ ), which alters the sediment to a green-bluegray color for iron and purple-black for manganese (Vepraskas 1994 (Vepraskas , 2001 ). When exposed to air, the gley colors change to a mottled pattern of reddish, yellow, or orange patches due to oxidation of iron and manganese (Hurt et al. 1998 ).
FIELD AND LABORATORY INDICATORS
Wetland Sediments
The sedimentological record is studied using grain size, color, sedimentary structures, mineralogy, biological remains, and bulk geochemistry. Thus, there are many similarities with the pedological approach, but the sedimentary record is interpreted from bottom to top; i.e., the history of wetland sedimentation, whereas soils are usually studied from the top down. However, aggrading systems are complex in that the end product is a result of the interplay among deposition, erosion, and the rate of pedogenesis (Kraus 1999 ).
Sedimentary Structures: Root traces, bioturbation by terraphilic and hygrophilic and hydrophilic organisms, and discontinuous lamina produced by changes in grain size or mineralogy can be seen macroscopically and in thin sections (Hasiotis 2000) (Fig. 5 ). X-ray scans reveal finer-scale features.
Mineralogy: As wetland sediments tend to be fine-grained, magnetic susceptibility scans are useful in tracking changes in mineralogy (Gell 2010) . Magnetic susceptibility is the degree to which a material can be magnetized in an external magnetic field. It measures the preferred orientation, distribution, or shape of magnetic minerals and is a proxy indicator for changes in composition. Clay mineralogy analysis can help distinguish allochthonous (detrital) clays from autochthonous (authigenic) clays that are formed after deposition (Singer 1980, Hover and .
Biological Remains: Physical remains of plants (pollen, seeds, phytoliths), as well as roots and leafs, provide an important record of macrovegetation and the ways in which it may have changed over time. Diatoms are photosynthetic algae that precipitate silica tests. Testate amoebae are single celled, with either agglutinated or carbonate tests. Ostracodes have been used extensively in analysis of lacustrine sediment, and they are equally valuable in wetland sediments (Schwalb et al. 2002) . Microfossil records are valuable in reconstructing the aquatic geochemistry (alkalinity, pH, and dissolved oxygen, etc.) of the wetland (Charman 2001 .
Biogeochemistry: Organisms living in the wetland produce organic matter with distinctive biochemical compositions, and total bulk % nitrogen and % carbon in the sediments reflect the type of plants that were present (Olago et al. 2003) . C/N ratios are used to determine relative proportion of nonvascular plants (phytoplankton and algae) and terrestrial vascular plants (Das 2002) . Carbon isotopes of organic matter, d
13 C, and d 15 N also provide information on the type of plants (e.g., C 3 or C 4 plants) that were present (Ziegler 1995) . The abundance of sulfide minerals is a measure of redox and is produced in a reducing environment by the reduction of sulfates by sulfur-fixing bacteria, such as Desulfovibrio (Mitsch and Gosselink 2000) . Phosphorous levels are usually a reflection of the former trophic state of the wetland.
Wetland Paleosols
Horizonation: Soil profiles are integrated records of sedimentological, chemical, and biological processes during pedogenesis. The changes in color, composition, texture, and pedogenic features are permanent records of these processes preserved in paleosols (Fig. 7) . The profiles of waterlogged soil of wetlands are generally not well developed because of the suppression of most of the soil-forming processes. They are best seen in fresh excavations (Fig. 7A) or cores (Fig. 7B) . Figure 7A shows a 1-m excavation into a Holocene wetland (Loboi Swamp, Kenya) that revealed a buried Inceptisol overlain by the modern wetland soil. Radiometrically dated seeds at the interface place the sharp contact between the soils at 640 to 720 year BP ). The lower soil was interpreted to have developed on a silty-clay floodplain. The A horizon is missing, and the master B horizon consists of two horizons (Bw1b and Bw2b) based on slight color differences. The wetland soil has a thin (1 cm) peaty O horizon at the surface, underlain by the A horizon, which consists of organic-rich silty clay. The A horizon also contains spongy Typha roots FIG. 6.-Aqueous geochemistry and mineralogy associated with varying Eh and pH of water. A) The range of conditions possible; box delineates the normal range of conditions in wetlands (Eh 0.2 to À0.4 and pH from 6 to 0) (Garrels and Christ 1965) . B) Minerals that form in wetlands under different acidic/alkaline or redox conditions. Important thresholds in Eh-Ph space are shown by the position of the organic matter fence, the sulfate-sulfide fence, the Fe, Mn oxide-carbonate fence and the limestone fence (Krumbein and Garrels 1952) .
up to 5 cm in diameter and redoximorphic features (black Fe/Mn-oxide coatings), clay-lined root traces, and insect macropores. Cores of wetlands can be meters in length, with the advantage of recovering long pristine records, but cores are also narrow (;5-7 cm), which results in limited sample size to represent a given depth. Figure  7B shows a 53-cm-long silty-clay core of a groundwater-fed wetland. The cored sediment has a peaty surface layer (left), color change from brown to gray-green downward (right), and multicolored (browngreen) laminae at the base. The color variations were likely produced by a history of fluctuating water table and associated change in redox conditions.
Root Traces: Wetlands are some of the most carbon-productive continental environments, producing from 147 to 1800 g m 2 /yr (Bradbury and Grace 1983, Keddy 2000) . In addition to organic matter, macro-and microfossils, root traces (Fig. 7C) , and rhizoliths (Fig. 7D ) are definitive records of the larger plants that are part of the wetland ecosystem. Roots generally branch downward, but they are anatomically simple and difficult to correlate with a specific plant (Stewart and Rothwell 1993, Retallack 2001) . Traces of coarse (.1.5 mm diameter) and fine (,1.5 mm diameter) roots provide pathways for groundwater movement and translocation of clay and precipitation of hematite, limonite, and other Fe or Mn oxides that create a visible stain defining the trace. Figure 7C of a paleo-Vertisol shows dispersed fine root structures and a concentration of traces that likely represent a fossil root mat (Beverly 2011) . Figure 7D shows carbonate root casts (rhizoliths), which are sediment-and/or cement-filled root molds that are postdepositional; they are pedogenic, and early studies interpreted them to form exclusively in the vadose zone (Klappa 1980) . Recent studies using stable isotope geochemistry (Liutkus et al. 2005) or biological remains and ichnology ) and paleopedology (Kraus and Hasiotis 2006) have identified ''phreatic rhizoliths'' that form in wetlands or poorly drained soils and are interpreted to represent a fluctuating water table, where some, if not all, carbonate is precipitated by groundwater.
Color: Sediment color (value and chroma) has been used to interpret the hydrologic history of wetlands. Low-chroma colors (,3; e.g., gray or bluish-gray) are sediments depleted of iron (Fe) and manganese (Mn) and are typical of water logging (Stoops and Eswaran 1985 , Vepraskas and Guertal 1991 , Retallack 1997 . Green sediments record a reduced environment (Fe 2þ and Mn 2þ ), and red colors (hematite, limonite, and Mn oxides) indicate oxidizing conditions (Fig.  6B) . Mottled red and gray colors are a record of fluctuations of redox conditions (Kraus and Hasiotis 2006) , but colors can be inherited or overprinted, and color change can occur rapidly. Redox potential measurements in a field-based study showed that an average of 21 consecutive days of continuous saturation was sufficient for Fe reduction to occur in soils (He et al. 2003) .
Pedogenic Structures: Groundwater-fed wetland paleosols have relatively simple profiles compared to those developed in other environmental settings. An organic-rich (peaty) O horizon, which can be centimeters to meters thick, occurs at the top (Fig. 7A) . The A horizon, which is a mixture of minerals and partially decomposed organic matter, can vary considerably in thickness. The underlying B horizon is a record of the fluctuating water table and is commonly mottled gray-red-yellow with a mix of gleyed and oxidized minerals. The B horizon may contain cutans and weakly developed peds. Hematite and goethite nodules have also been reported (Retallack 2001, Kraus and Hasiotis 2006) , and root traces and burrows occur (Fig. 5) (Hasiotis 2000) . The bottom part of the profile consists of sediments that are nearly permanently waterlogged, with little biological activity, and consequently much of the relict bedding may be preserved. Organic matter is preserved, and pyrite and siderite nodules record the chemically reducing environment (Ho and Coleman 1969, Driese et al. 2010) .
Morphological indicators of soil wetness (coatings and nodules) have been used with some success to develop metrics that will help establish ''how wet is wet'' (Vepraskas and Guertal 1991) . Their literature-based study reported on the presence of depletion coatings that form by movement of Fe-Mn out of the groundmass and into macropore voids. These features were also noted by Stoops and Eswaran (1985) . A survey of the literature by Vepraskas and Guertel (1991) indicated that if 40 to 80% of the wetland sediment has depletion coatings, then the wetland is saturated with water approximately 50% of the year. More basic research needs to be done on the kinetics of the system to better understand the link between the duration of saturation and change in states of minerals.
FACIES ASSOCIATIONS AND PALEOCATENAS
Sedimentary facies models, which generalize and idealize the threedimensional geometric, lithologic, and biologic characteristics of a depositional environment on a landscape scale, have been in use for decades (Reineck and Singh 1975 , Walker 1984 , Reading 1996 . Initiated by needs of the petroleum industry, facies models are norms that can be used as basis for interpretation of incomplete records and predict what is in the subsurface. An excellent example of a sedimentary facies model for groundwater-fed wetlands was developed with data from Tanzania, from a number of modern examples on lake margin flats (Fig. 8) (Deocampo 2002a ). Very finely crystalline siderite was found in the sediments, suggesting reducing/alkaline conditions (Fig. 6) . B) A 53-cm ore collected from a wetland reveals organic matter (peat) at the top and gradual change in gray-green coloration toward the bottom, where evidence of redox changes is evident (mottled red and gray). Core top is to the left (Shilling 2012) . C) Chunk of Pleistocene-age Vertisol composed of small (;5 mm long) Ti-Mn-oxide-filled root traces suggests they were formed in the vadose zone under oxidizing conditions (Beverly 2011) (Fig. 6 ). D) Calcite rhizoliths formed in and beneath a groundwater-fed wetland from groundwater saturated in calcium. Up is to the top (Liutkus et al. 2005 ).
under hydraulic head and flows onto the surface. A positive hydrologic budget of groundwater discharge vs. evaporation proximal to the source supports a freshwater habitat consisting of wetlands and open water, used in this case by hippos. Distal from the water source, the hydrologic budget is negative, and the environment consists of a drainage stream ending in terminal evaporative, alkaline mud flats. The sedimentary record is a mosaic of drainage channel sands, biogenic amorphous silica (from wetland plants and diatoms), and evaporites, carbonates, and Mg-clays from the alkaline flats. The wetland mud flats are intercalated with lake mud flats. Bioturbation on all scales is pervasive, including hippo trails that can be a few meters wide and a meter deep. This facies model developed in the modern landscape has been successfully applied to Pleistocene-age deposits Ashley 2003, Owen et al. 2009 ). The concepts of facies associations using uniformitarianism and Walther's facies law have not been easy to apply to buried paleosols (i.e., paleocatenas) (Valentine and Dalrymple 1976) . The difficulties stem from the possibility that several formative factors such as the hydrologic and geomorphic processes combined with sedimentology (i.e., parent material) may produce deposits that look like buried soils (Holliday 2004) . As soils develop on the surface, it is important to be able to trace variation in the unit across a fossil landscape in order to verify a paleocatena (Valentine and Dalrymple 1976) . Diagenesis may also alter some of the six pedogenic features or processes that are key to identifying a paleosol: organic matter content, horizonation, redox conditions, in situ mineral alteration, illuviation of insoluble minerals/ compounds, and accumulation of soluble minerals (Mack et al. 1993 ). More wetland facies models are needed based on sediments accumulating and soils forming in a range of landscape positions.
CASE STUDY: LOBOI SWAMP
Introduction and Methods
Loboi Swamp is a 1.5-km 2 spring-fed wetland near the equator in the Kenyan Rift Valley ). The climate is semiarid with very high evapotranspirative losses (2500 mm/yr) that greatly exceed mean annual precipitation (750 mm/yr). The present wetland developed on a low-relief alluvial plain during the late Holocene (past 700 years based on radiocarbon dating of seeds) (Fig. 9) . Dominant vegetation of the wetland includes: Typha domingenesis Pers. (cattail, a C3 plant) and floating Cyperus papyrus L (papyrus, a C4 plant). Lowering of regional groundwater due to land use is currently shrinking the wetland substantially .
A soil pit at the edge of Loboi Swamp, Kenya, was described by Driese et al. (2004) (Fig. 7A ). Cores were obtained from the same swamp in 2002 as part of a paleoclimate study of PleistoceneHolocene paleowetlands, modern wetlands, and paleosols. Cores 1 and 2 (;4 m apart) were collected within 2.5-m-tall Typha, at an elevation of 1023 m and with global positioning system (GPS) coordinates of 00821.626 0 N, 036802.765 0 E, using a modified Livingston-type piston corer. Core 1 was used to study the sedimentology , and core 2 was used to study paleosol development (reported here). The cores were split, described, scanned for magnetic susceptibility, and subsampled for thin sections, X-ray diffraction (XRD), and total organic carbon (TOC) analyses. One half of each core split was preserved for archiving. Color was described using Munsell t soil color charts (Munsell 2000) , and pedogenic features and classification follow USDA Soil Taxonomy (Soil Survey Staff 1998). Redoximorphic features, pedal and other soil structures, and rooting were described, after which each horizon was sampled for commercial thinsection preparation in order to: (1) identify characteristic wetland soil features, (2) interpret the variability and relative timing of wetland soil features vs. well-drained features (with depth), to determine the cumulative record of 700 years of wetland pedogenesis, and (3) identify pedogenic carbonates suitable for sampling for stable isotope analysis.
XRD at Baylor University was used to evaluate the mineralogy of nodules present in the core, especially for distinguishing among calcite, ankerite, and siderite. Nodules are concentrations of soil constituents (Fe-Mn, CaCo 3 ) that have no internal structure but have a sharply defined boundary with surrounding soil, whereas concretions are a concentration of constituents that have distinctly banded, commonly concentric internal structure and a sharply defined boundary with the surrounding matrix (Bullock et al. 1985) . Glaebule is a generalized term for a concentration of soil constituents, generally Fe-Mn, having a diffuse boundary with the surrounding soil matrix (Brewer 1976 ). Nodules were powdered using an opal mortar and pestle. Powders were packed on a zero-background mount and scanned with a Siemens D5000 h-2h X-ray diffractometer. Representative thin sections of each soil horizon were prepared, with location and labeling for each thin section shown in Figure 9 under ''pedological analysis.'' Thin-section subscript labels correspond, roughly, to their relative positions in the core segments: lower (l), middle (m), top (t). Thin sections were examined at Baylor University with an Olympus BX51 microscope equipped with a 12.5 MPx digital camera. Micromorphological description of matrix terminology follows Brewer (1976) , and descriptions of all other features, including nodules and coatings, follow Stoops (2003) . Abundance (few, common, many) and pedal structure (wedge, subangular blocky, etc.) descriptions follow Soil Survey Staff (1998).
Results
Soil Description: The soils sampled in Loboi Swamp Core #2 classify as either Mollic Epiaquepts or Typic Epiaquepts in USDA Soil Taxonomy (Soil Survey Staff 1998), in contrast with the surface Sulfaquepts and buried Aeric to Typic Tropaquepts described in the Loboi Swamp soil pit by Driese et al. (2004) . Soil descriptions by horizon for Loboi Swamp Core #2 are presented in Table 1 . Descriptions of soil structure (peds) are difficult with a small-diameter core and would be improved with trenching. Overall, the soils are weakly to moderately developed; both the surface soil and buried soil classify as Inceptisols, rather than Entisols, because of moderately developed horizonation and lack of diagnostic subsurface horizons. The A horizon was subdivided into A1 and A2 (Fig. 9 ) based upon differences in root density. These A horizons, given more time for organic matter accumulation, would likely have formed a Histic epipedon. The A2 horizon hosted very few soft carbonate masses; however, the soft masses increased towards the A2/Bw boundary. XRD analyses were conducted on powdered hard carbonate nodules sampled from the Bw horizon and Bwb horizons. Both samples were determined to be nearly 100% calcite, with no XRD evidence for siderite or significant Fe substitution for Ca as would occur in ankerite or siderite.
Micromorphology: Micromorphological observations and all significant pedogenic attributes observed are summarized in Table 2 . All horizons contained root traces with yellowish illuviated clay porelinings (coatings), and opaque to reddish-brown redoximorphic features such as Fe-Mn concentrations (nodules) and Fe-Mn coatings on grains and macropores. Pedogenic calcite was also ubiquitous in most soil horizons, although total amounts, as well as hard nodules vs. soft masses, increased with depth. A pedogenic origin is the most reasonable interpretation because the carbonate did not contain lithologic or inherited carbonate constituents and showed evidence of desiccation during the time that it was formed. Sand and silt grains consisted of weathered volcanic rock fragments (VRFs), mafic minerals such as pyroxenes and basaltic hornblende, as well as monocrystalline quartz. The A1 horizon, defined in the core based on the highest abundance of rooting, also had the highest abundance of rooting in thin section, whereas the A2 horizon had a lower abundance of rooting in thin section. The texture changed to slightly more silty from the two A horizons to the B horizons, although the texture still remained a silty clay. The Bwb horizon had all the pedogenic attributes of the Bw horizon; however, they were slightly less developed, and there was notable preservation of some intervals of sediment with primary bedding, some of which consisted of diatom layers.
Rooting was mainly identified by distinct yellowish clay-coatings on root pores and by carbonate rhizoliths formed around roots (Fig. 10A,  C, D) . Microbanding of color and inclusions of Fe-Mn defined multiple generations of clay illuviation (Fig. 10C, D) . Detrital sand FIG. 9.-Comparison of pedological and sedimentological analyses conducted on two juxtaposed cores (1 and 2) from Loboi Swamp, Kenya (modified from Ashley et al. 2004 ). Soil and sediment cores are approximately correlative based upon thickness, texture, and facies. The stratigraphy in core 1 reveals Loboi floodplain sediments overlain by incipient wetland deposits (organic-rich silt) capped with wetland peat. Nitrogen (%) and LOI (loss on ignition) reflect increase in plant productivity toward the top, whereas decrease in magnetic susceptibility reflects a dramatic reduction in minerals.
grains were common, ranging from weathered, subangular volcanic rock fragments (VRFs) to monocrystalline quartz, with a few pedorelicts (reworked soil aggregates) (Fig. 10B) . Calcium carbonate nodules (CaCO 3 ) consisted of micrite recrystallized to microspar, with sparry calcite filling circumgranular cracks and septarian voids (Fig.  10A) . Carbonate nodules were commonly impregnated with Fe-Mn oxides and oxyhydroxides (Fig. 10E) , and some surfaces of carbonate nodules were recrystallized to prismatic calcite. Fe-Mn diffuse mottles and hard nodules were moderately to strongly developed, and Fe commonly coated detrital grains (Fig. 10B) . Although both Fe and clay coatings were present, clay coatings were overall more dominant. Abrupt contacts in the basal part of the core (Bwb, lower) defined layers rich in diatoms that were relatively unmodified by pedogenesis (Fig. 10F) ; however, diatoms were present in both the Bw and Bwb horizons.
Interpretation
Overall, the soils are weakly to moderately developed, likely due to a fluctuating water table and periodic saturated (aquic) conditions developed during the wet seasons. Micromorphologic investigations support the horizon designations proposed based upon macroscopic soil core description ( Fig. 9; Tables 1, 2 ). Both the A1 and A2 horizons have the greatest abundance of root traces, as well as live roots. Clay coatings of root pores facilitated identification of root pores. The Bw and Bwb horizons showed an increase in pedogenic modification manifested by an increase in both Fe-Mn coatings and nodules, as well as the development or ''maturity'' of pedological features, especially the laminated and/or crescentic clay coatings. The Bwb horizon, a buried soil horizon, has many similarities to the overlying A and Bw horizons; however, as previously noted, root traces of live roots were less abundant. Fe nodules and Fe impregnation of CaCO 3 nodules in the Bwb horizon, which resemble those present in the A and Bw horizons, suggest similar redoximorphic conditions during their development. The preservation of primary bedding in the Bwb horizon may be a product of ephemeral flood events that introduced sediments and promoted diatom blooms at the onset of wetland formation circa 700 year BP (cf. Ashley et al. 2004 . The presence of both clay coatings and Fe-Mn coatings in all horizons suggests episodically fluctuating soil drainage conditions: Well-drained/dry conditions promote the development of clay coatings, whereas poorly drained/wet conditions favor Fe-Mn coatings. Clay coatings had both laminated and crescent morphologies in the Bw and Bwb horizons, suggesting better or sustained well-drained conditions. Nodules of both Fe oxides (and Fe oxyhydroxides) and CaCO 3 are additional evidence of fluctuating drainage conditions. Both aquic conditions and the clayey texture of the soil generally do not promote the accumulation of calcium carbonate, and it appears likely that the carbonate has been influenced by both pedogenic as well as phreatic (groundwater) processes; however, this remains for further stable isotope, cathode luminescence, trace element, and micromorphology investigations. Interestingly, a slight change in texture does occur in the Bw and Bwb horizons (mainly an increase in silt content), perhaps allowing for better drainage to form calcium carbonate nodules. The Bw horizon has a greater silt content than that of the Bwb horizon, and has more common hard carbonate rhizoliths and nodules (Table 2) .
Although ped structure was not easily observed in the B horizons, the juxtaposition of clay coatings, carbonates, and Fe-Mn coatings and masses within all horizons supports a cumulative 700-year soil record of multiple episodes of alternating saturation and aeration (cf. . Loboi Swamp today experiences both a wet and dry season. However, the mean annual precipitation of 700 mm/yr is greatly exceeded by evapotranspirative losses, which are about 2500 mm/yr ). Thus, it would be expected that the dry season would likely leave the greatest ''imprint'' in soil morphology. In all horizons, clay coatings and CaCO 3 were more abundant than pedological features indicative of poorly drained conditions.
Summary
(1) A1 and A2 horizons are characterized by abundant root traces, which are most easily identified by pedogenic clay coatings. (2) Pedogenic and groundwater(?) carbonates are exclusively calcite, with no evidence for siderite or ankerite. (3) Fe-Mn-oxide and oxyhydroxide coatings and nodules were much more abundant in the Bw and Bwb horizons, and (4) attributes of both well-drained (e.g., clay coatings, CaCO 3 nodules) and poorly drained conditions (e.g., Fe-Mn coatings, Fe-Mn nodules) are present. However, indicators of well-drained soil conditions dominate. (5) The Bwb horizon and A1-A2 horizons have similar pedological attributes; however, the Bwb horizon also has evidence of primary bedding. This structure is attributed to episodic flood events into the wetland and incomplete pedogenesis. (6) The juxtaposition of morphological and micromorphological features indicative of episodic drainage and aeration is attributed to water inflow-outflow related to the unique hydrology of this African groundwater wetland.
DISCUSSION
Groundwater-fed wetlands need to be saturated for a significant portion of the year. In order to support a wetland, the hydrologic budget cannot be negative for long because the water table would drop and the wetlands would dry up. If the budget were consistently positive, then a standing body of water like a pond or lake would grow until inflow was balanced by a spillway or groundwater recharge. Thus, groundwaterfed wetlands can only persist where multiple parameters are consistently well balanced; the resulting record is intimately related to groundwater history. However, groundwater-fed wetlands do exist in modern environments, and several have been interpreted from the geologic record (Quade et al. 1995 , Liutkus and Ashley 2003 ). They represent an end member of a continuum of palustrine environments that have varying numbers of days per year that the water table is at the surface. Groundwater-fed wetlands, as opposed to river floodplains, are more likely to remain permanently saturated. They are more likely to have fewer days or weeks per year with a depressed water table than other scenarios because water supply in the subsurface is protected from evaporation and evapotranspiration and buffered against short-term changes in water budget.
The waterlogged environment of a groundwater-fed wetland produces a distinctive record dictated by the aqueous geochemical environment and the biota present. Both of these are controlled by the position of the water table. Quade and colleagues were one of the first research groups to interpret the geologic record produced on, and at the base of, a hillslope by sustained groundwater seepage and existence of ''fossil springs'' (Quade 1986, Quade and Pratt 1989 ) . Groundwater that is undersaturated in carbonate will not leave the calcite ''hallmark'' (i.e., tufa or travertine). Even when it is present, the carbonate may only indicate local areas of CO 2 degassing proximal to discharge. Thus, clues need to be gathered from the mineral assemblages (Fig. 6) , color, and extent of bioturbation. For example, Quade et al. (1995) reported pale green (gleyed) mud containing hygrophilic fauna (terrestrial molluscs needing damp ground) and a dense stand of phreatophytes.
Research on wetlands has tended to follow one of two parallel tracks: sedimentology or pedology. Sedimentologists tend to view the system from bottom to top (old to young, a history of sedimentation), and pedologists tend to view the system from top to bottom (pedogenesis proceeds downward from the surface). The data collected and analyses carried out by the two approaches are both designed to determine the history of the wetland. The case study from Loboi Swamp, Kenya, provides an excellent example of the two different approaches applied to the same record (Figs. 9, 10 ). The sedimentological approach yields a smooth record of wetland accretion. Whereas the pedological approach provides more details of wetland processes, particularly the record of water-table fluctuations. A combination of the sedimentological and pedological approaches leads to a better understanding of the record than either one could do on its own.
Inland wetlands, specifically groundwater-fed wetlands, are part of a larger landscape and will have adjacent sedimentary and soil records. Research should be carried out on them by adopting the facies analyses approach that is so successful in sedimentology. Identifying buried paleosols and tracing them across topography to establish a paleocatena have not been easy; there are only few published examples (Deocampo et al. 2002 , Kraus and Hasiotis 2006 , Ashley et al. 2010a , Nordt et al. 2011 . It should be possible if the appropriate parameters are chosen.
CONCLUSIONS
Groundwater-fed wetlands are ecosystems that range between ephemerally wet to fully aquatic habitats; thus, the character of a wetland record is directly related to the position of the water table over seasonal and longer timescales. Geochemical processes and biological processes are directly related to the position of the water table, and this history is recorded in horizon development, geochemical profiles, root traces, color, and pedogenic structures. Wetland research has tended to follow one of two tracks: sedimentology and pedology. The two approaches bring different perspectives to the interpretation of their records. Sedimentologists tend to view the system from bottom to top (old to young, a history of sedimentation), and pedologists tend to view the system from top to bottom (pedogenesis proceeds downward from the surface). The wetland case study example presented here suggests that the pedological approach, because of the use of micromorphology, provides more details of the history of wetland processes, in particular the record of water-table fluctuations. Water-table fluctuations are indicators of local water budget and in turn local climate. The sedimentological approach yields a smooth record of wetland accretion reflecting the addition of mineral and organic matter over time. A combination of the sedimentological and pedological approaches could lead to a better understanding of the record than either one could do on its own. Finally, wetland paleosols should be studied in a larger spatial framework (paleocatenas) and longer temporal framework similar to the facies models developed for sedimentary sequences.
